Wnt binding to members of the seven-span transmembrane Frizzled (Fz) receptor family controls essential cell fate decisions and tissue polarity during development and in adulthood. The Fzmediated membrane recruitment of the cytoplasmic effector Dishevelled (Dvl) is a critical step in Wnt/β-catenin signaling initiation, but how Fz and Dvl act together to drive downstream signaling events remains largely undefined. Here, we use an Fz peptide-based microarray to uncover a mechanistically important role of the bipartite Dvl DEP domain and C terminal region (DEP-C) in binding a three-segmented discontinuous motif in Fz. We show that cooperative use of two conserved motifs in the third intracellular loop and the classic C-terminal motif of Fz is required for DEP-C binding and Wnt-induced β-catenin activation in cultured cells and Xenopus embryos. Within the complex, the Dvl DEP domain mainly binds the Fz C-terminal tail, whereas a short region at the Dvl C-terminal end is required to bind the Fz third loop and stabilize the Fz-Dvl interaction. We conclude that Dvl DEP-C binding to Fz is a key event in Wnt-mediated signaling relay to β-catenin. The discontinuous nature of the Fz-Dvl interface may allow for precise regulation of the interaction in the control of Wnt-dependent cellular responses.
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peptide microarray | protein-protein interaction | Wingless signaling T he Wnt family of secreted glycolipoproteins controls key cellular processes in embryonic development and stem cell maintenance in multicellular animals. Deregulation of Wnt pathway components is associated with various human diseases, most notably cancer (1) (2) (3) . Depending on the cellular context, Wnts can induce distinct intracellular signaling cascades of which the Wnt/β-catenin and planar cell polarity (PCP) pathways are best described (4) (5) (6) . Both pathways are initiated by Wnt-mediated activation of members of the Frizzled (Fz) receptor family, followed by the recruitment of the cytoplasmic effector protein Dishevelled (Dvl) to the plasma membrane (PM) (7) (8) (9) . Downstream signaling cascades are remarkably divergent, however, leading to the activation of β-catenin-mediated gene transcription in the control of cell fate decisions or to small GTPasemediated cytoskeletal remodelling in the planar polarization of epithelia (5, 10) . How the common Fz-Dvl signaling unit distinguishes among different Wnt pathways remains obscure. Insight into the molecular basis by which Fz-Dvl complexes are formed at the PM is essential to understand how cell fate choices and morphogenesis are orchestrated.
The Fz family of Wnt receptors comprises G protein-coupled receptor (GPCR)-like transmembrane proteins (7, (11) (12) (13) . Fz carries an extracellular N-terminal cysteine-rich domain, which mediates Wnt binding, followed by a seven-span transmembrane signaling moiety (Fig. 1A) . The cytoplasmic C-terminal tail of Fz contains a conserved motif (KTxxxW) that is essential for signaling and for membrane relocalization of Dvl (9, 14, 15) . Microinjection of peptides comprising this motif interferes with Wnt/β-catenin signaling in Xenopus embryos, further supporting the functional importance of the Fz C-terminal tail. Mutagenesis studies have revealed, however, that other Fz regions, including the intracellular loops, contribute to Wnt signaling by unknown mechanisms (14, (16) (17) (18) . Indeed, overexpressed Drosophila Fz2 lacking its C-terminal tail still synergizes with Wnt in Dvl-dependent signaling (19) .
Dvl is a cytoplasmic scaffold protein of which three homologs exist in vertebrates (Dvl1, Dvl2, and Dvl3). Dvl carries three structurally conserved domains that are functional in Wnt-induced signaling responses. The N-terminal DIX domain mediates Dvl self-association, leading to the formation of multimerized receptor complexes at the membrane, which are proposed to drive signaling positively by providing a high local concentration of binding sites for Wnt signaling proteins (20) (21) (22) .
The PDZ domain, located in the central region of Dvl, was shown to bind an Fz7-derived peptide containing the conserved KTxxxW motif in vitro (23) . The relative low affinity of this interaction suggested the need for additional molecular interactions in the formation of a stable Fz-Dvl complex in vivo in cells. Moreover, the binding cleft of Dvl PDZ appears highly flexible and accommodates binding of a diverse set of peptide ligands in vitro as well as numerous Dvl PDZ binding partners in cells (24) (25) (26) . How these interactors compete for Dvl PDZ domain binding and how specificity is achieved during Wnt signaling remain unresolved.
The conserved DEP domain, located in the C-terminal half of Dvl, is critical for membrane recruitment of Dvl during Wntmediated signaling (8, (27) (28) (29) (30) . Direct binding of a polybasic stretch in the DEP domain to negatively charged lipids was recently shown to contribute to formation of the Fz-Dvl complex at the PM (30) . In addition, the Dvl2 DEP domain, aided by a YHEL motif in the Dvl C terminus, interacts with μ2-adaptin, a subunit of the AP-2 clathrin adaptor complex, to facilitate clathrin-mediated endocytosis of Fz4 and Dvl2 on Wnt activation (31, 32) . Both of these activities of the DEP domain are mainly linked to PCP signaling, however, leaving the role of the DEP domain in β-catenin-dependent signaling unexplained (29, (33) (34) (35) (36) . Moreover, a number of point mutants in the DEP domain were uncovered that, based on their location in the structure, do not participate in lipid or AP-2 binding yet prevent the translocation of Dvl to the PM (27) (28) (29) .
Progress in the understanding of how Fz and Dvl function together during Wnt signaling is hampered by the general lack of biochemical evidence for their interaction, partly attributable to the hydrophobic nature of the Fz protein. Here, we use a peptide scanning method to address the molecular basis of complex formation between Fz and Dvl. We show that the Dvl DEP domain and C-terminal region (DEP-C) mediates direct binding to a three-segmented discontinuous motif in Fz, composed of the third intracellular loop (iLoop3) and C-terminal tail. The individual Dvl binding sequences in the cytosolic interface of Fz cooperate to form stable Fz-Dvl complexes at the PM and initiate Wnt/β-catenin signaling. With these findings, we assign a previously unknown molecular activity to the Dvl DEP domain, identify a functional role of the Dvl C-terminal region, and place the DEP-C domain central to Wnt/β-catenin signaling initiation.
Results

Identification of a Discontinuous Dvl Binding Surface in the Fz
Receptor. To gain insight into the binding mode between mouse Fz5 and Dvl1, we combined high-throughput PEPSCAN microarray technology (Pepscan Therapeutics BV) with spatially defined peptide conformations [chemically linked peptides on scaffolds (CLIPS) technology (37) ] to mimic the cytoplasmic interface of Fz5 and facilitate the discovery of complex molecular recognition modes between Fz and Dvl. We generated a combinatorial peptide library comprising 9-mer peptides of the Fz5 iLoop3 (V424-F453) in cis-combination with 9-mer peptides from the proximal region of the C-terminal tail of Fz5 (W520-G550) (Fig. 1A ). Peptides were flanked by either glycines or cysteines. Glycine-flanked peptides were left in a linear conformation, whereas cysteine-flanked peptides were imposed on a trivalent chemical scaffold to mimic a looped conformation (37) . To allow for specificity of cysteine-based chemical modifications, the three native cysteines in the distal part of the Fz5 tail were changed to alanines in the 9-mer peptides. The library, containing 968 combinatorial iLoop3-tail peptides in total, was immobilized on 455-well plates (Fig. 1A) . Fz5 Fz8 We purified His-tagged, recombinant mouse Dvl1-ΔDIX (G86-M695) protein and investigated its binding to the Fz5 peptide library through detection with peroxidase-conjugated anti-His-tag antibodies. The resulting values were ranked according to binding signal, and the top 5% of best binding peptides were analyzed for the presence of prevalent Dvl binding motifs ( Fig. 1 B and C) . Clearly, Dvl1-ΔDIX displays a strong preference for binding three linear motifs in Fz5 (Fig. 1D ). In the Fz5 C-terminal tail, Dvl1-ΔDIX binds a sequence that overlaps with the known PDZ binding motif (Fig. 1D, motif III) . In Fz5 iLoop3, Dvl1-ΔDIX binds two sequences that flank predicted TM regions 5 and 6 (Fig. 1D , motifs I and II). Both Dvl binding motifs in Fz5 iLoop3 are highly conserved among Fz family members, although loss of conservation of motif I is evident in Fz3 and Fz6 (Fig. 1E) . Strikingly, Dvl1-ΔDIX strongly preferred binding to linear Fz5 peptides that combined either motif I or II with motif III (Fig. 1C) . Scaffolded, bicyclical Fz5 peptides in looped conformation displayed an identical binding pattern, albeit with overall lower binding, suggesting that flexibility of the individual motifs accommodates optimal Dvl1 interaction. These results indicate that Dvl binds to both iLoop3 and the Cterminal tail of Fz in a cooperative manner.
Dvl Binding Motifs I and II in Fz5 iLoop3 Are Essential for Wnt/ β-Catenin Signaling and Recruitment of Dvl in Human Cells. To address the importance of the Fz5 iLoop3 residues in signaling, we performed triple alanine-scanning mutagenesis of motifs I and II and compared expression and signaling of the resulting Fz5 variants in HEK293T cells. The majority of Fz5 mutants showed similar expression as WT Fz5, but alanine substitution of the residues flanking the sixth TM region ( 449 RIGIF 453 ) caused retention of Fz5 in the endoplasmic reticulum (ER), as indicated by the lack of glycosylated, mature Fz on immunoblotting as well as an ER-associated subcellular localization (Fig. 2B) . We conclude that this TM proximal region is essential for Fz maturation or sorting, and thus precludes further investigation. All other Fz5 mutants were processed to the mature form and transported to the PM (Fig. 2B) , allowing for analysis of their signaling propensity.
Overexpression of Fz5 in HEK293T cells strongly induced β-catenin-dependent transactivation of a luciferase reporter plasmid (TOPflash) on stimulation with Wnt3a-conditioned medium ( Fig. 2A) . Single alanine substitutions of key residues in the classic Dvl binding motif in the Fz5 C terminus significantly impaired signaling, as expected (9, 16) (Fig. 2C) . To address the individual contribution of motifs I and II to Fz5-mediated signaling, we applied single alanine substitutions to pin down critical residues in these motifs. Mutation of individual residues in Fz5 motif I (I429A and R430A) or motif II (L443A and L446A) strongly reduced or completely abrogated signaling, respectively [ 
Fz5 WT I429A R430A L443A L446A I448A sequence between motifs I and II did not interfere or just slightly interfered with signaling ( Fig. 2A) . Because mutation of single residues in motif I, motif II, or motif III abrogates Fz function in Wnt/β-catenin signaling, we propose that the three Dvl binding motifs comprise a discontinuous Dvl binding surface (Fig. 2C ).
To investigate whether the Fz5 iLoop3 motifs I and II contribute to Dvl binding in cells, we studied PM recruitment of Dvl1 in HEK293T cells coexpressing WT or mutant Fz5. In contrast to WT Fz5, motif II mutants (L443A and L446A) failed to recruit coexpressed Flag-Dvl1; instead, Dvl localized to its characteristic cytoplasmic puncta (21) . Fz5 motif I mutants (I429A and R430A) displayed an intermediate phenotype. The control Fz5 variant I448A, however, which signaled equally well as WT Fz5, displayed robust Dvl recruitment (Fig. 2 A and E) . We conclude that, in addition to the classic C-terminal Fz motif, iLoop3 motif II is required for Dvl binding and signaling in the cellular context and that motif I significantly contributes to this binding mode.
Fz Discontinuous Binding Motif Is Required for Wnt/β-Catenin
Signaling and Dvl Recruitment in Vivo. To address whether the signaling role of Fz5 motifs I and II is conserved across species, we generated a set of Xenopus Fz7 (XFz7) variants with mutations in critical iLoop3 residues equivalent to those of mFz5. WT XFz7 induces enhanced TOPFlash luciferase reporter activity in HEK293T cells when stimulated with Wnt3a. Similar to our findings with mFz5, XFz7 motif I and motif II single mutants abrogated luciferase reporter activity, with the strongest effects of mutations in motif II (Fig. 3A) .
To determine the functional relevance of the iLoop3 Dvl binding motifs further, we analyzed Xenopus embryo body axis duplication by ectopic Wnt/Fz-mediated β-catenin activation at the ventral side. We injected a subeffective dose of XWnt8 combined with each of the XFz7 variants to compare their ability to induce double axis formation. Expression of XFz7 motif I mutant I425A strongly reduced viability of the embryos and was precluded from further analysis. XFz7 motif II mutants L439A and L442A displayed a significant reduction in Wnt-induced double axis formation in comparison to WT XFz7 as well as control mutant V444A, suggesting impaired function in vivo (Fig. 3 B and C) . XFz7 motif I mutant R426A displayed an intermediate phenotype ( Fig. 3 B and C) , in agreement with the partial activity observed in the TOPFlash assay (Fig. 3A) . In addition, XDvl2 recruitment mediated by XFz7 motif I and II mutants expressed in animal cap explants was partially and strongly impaired, respectively (Fig. 3 D and E). We conclude that Fz iLoop3 motifs I and II are functionally conserved in Fzs across species and that Dvl2 follows similar binding requirements as Dvl1. Also, motif II is more important for Fz-Dvl binding and signaling. Norm. Reporter Activity Fig. 2 D and E) . The number of counted cells is indicated. (Fig. 4A) and studied their interaction with the Fz5 peptide library. In agreement with previous work (23), we confirmed binding of the Dvl PDZ domain (S201-P375) to the classic motif in the Fz5 C terminus. The PDZ domain, however, did not bind any iLoop3 sequence (Fig.  4B and Fig. S1A) . We therefore interrogated a Dvl fragment comprising the DEP-C (R376-M695) for Fz5 binding. Strikingly, two DEP-C interaction modes with Fz5 peptides became apparent. In one prominent binding mode, the DEP-C fragment faithfully copied interaction with all three motifs as shown for Dvl1-ΔDIX (Figs. 1D and 4C ). This DEP-C binding mode required the combined presence of either motif I or II with motif III, suggesting that the DEP-C domain mediates Dvl binding to the three-segmented binding surface on Fz5 (Fig. 4C and Fig.  S1B ). In the second binding mode, DEP-C interacts with a shifted membrane-proximal motif in the Fz C-terminal tail, comprising the classic Dvl interaction motif (Fig. 4D) . This binding mode did not include the Fz5 iLoop3 motifs.
Dvl1 DEP-C Interacts
Next, we separately analyzed binding of the isolated DEP domain and the Dvl C terminus to the Fz5 peptide library to determine which part binds the individual motifs in the Fz5 interaction surface. The DEP domain preferentially bound motif III with a weak preference for peptides that include motif II but not motif I (Fig. 4E and Fig. S1C ). Interestingly, the Dvl C-terminal fragment specifically bound Fz5 iLoop3 motifs I and II but entirely lacked affinity for motif III (Fig. 4F and Fig. S1D ). These complementary binding patterns strongly argue for a model in which the DEP domain interacts with the Fz5 C-terminal tail and the Dvl C terminus mediates binding to the Fz5 iLoop3.
To compare and approximate the binding affinities of DEP and DEP-C for Fz5, we used a fluorescein-labeled peptide containing the Fz5 motifs II and III in fluorescence polarization (38) . Binding curves indicate a 2-to 2.5-fold higher affinity of the DEP-C fragment for Fz5 peptide compared with the DEP domain, with an apparent K d from two independent experiments of 6.5-12 μM for DEP-C vs. 22-30 μM for DEP (Fig. 4G) . We conclude that the Dvl1 DEP domain is able to bind Fz5 directly but requires the C-terminal region to attain optimal binding affinity. Indeed, the isolated Dvl C terminus carries an intrinsic capacity to bind to the motif II-III Fz5 peptide with an estimated K d of 13 μM (Fig. 4H) .
Binding of Dvl DEP-C to Motifs I and II in Fz Is Critical for Wnt/ β-Catenin Signaling in Cells. Our data indicate a key role for Dvl DEP-C in binding Fz. To examine the role of the DEP and DEP-C regions in Wnt/β-catenin signaling in cells, we generated a set of Flag-tagged Dvl1 fragments for expression in HEK293T cells (Fig.  5A ). Ectopic expression of the DEP and DEP-C fragments, but not the PDZ domain, strongly inhibited Wnt3a-induced β-catenindependent transcription (28, 29) (Fig. 5B) . These findings suggest that in contrast to the PDZ domain, the isolated DEP domain is sufficient to interfere with endogenous Fz-Dvl binding and signaling. Moreover, in contrast to full-length Dvl1, a Dvl1 variant lacking the DEP-C region failed to induce Wnt signaling on overexpression (39) and was not recruited to Fz5 (Fig. 5C and Fig. S2 ).
To substantiate these results, we determined the minimal required region of Dvl1 to bind Fz5 in cells. First, we confirmed that the Dvl1 DIX domain is dispensable for interaction with Fz5 (9, 27) ( Fig. 5C and Fig. S2 ). The isolated Dvl1 PDZ domain, which binds the Fz C terminus with moderate affinity in vitro (23) (Fig. 4B) , failed to bind Fz5 on coexpression (Fig. 5C and Fig. S2 ), as shown previously (29) . In contrast, the Dvl1 DEP-C fragment robustly colocalized with Fz5, identical to fulllength Dvl1 (Fig. 5C and Fig. S2 ). The Dvl1 DEP domain, lacking its C-terminal extension, interacts with Fz5 in a less efficient manner (Fig. 5C and Fig. S2) , confirming a role of the Dvl1 C terminus in Fz5 binding. DEP-C binding to Fz5 is either partially or dramatically impaired on mutation of motifs I and II, respectively (Fig. 5D ). These results indicate that, as with full-length Dvl, either motif is required but not sufficient for efficient DEP-C recruitment, with a more prominent role of motif II. Next, we asked how Fz function in cells correlates with the direct binding of Dvl DEP-C to Fz motifs I and II in vitro. To address this issue, we performed alanine-scanning mutagenesis on a 30-mer peptide library representing the full iLoop3 of Fz5.
Overall, alanine substitution of individual residues in motifs I and II, but not in the flanking sequence, diminished binding of DEP-C and ΔDIX-Dvl. This indicates that intact motifs I and II are required for optimal binding in vitro (Fig. S3A) . Moreover, the levels of Dvl binding to individual mutant iLoop3 peptides significantly correlated with the signaling activity of the equivalent full-length Fz variants in cells ( Fig. S3B ; r = 0.51, P = 0.007). We conclude that Fz-mediated signaling relay to β-catenin critically depends on the direct interaction of Dvl DEP-C with iLoop3 motifs I and II. We noted that within the 30-mer iLoop3 sequence, the I448A mutant behaved as a single outlier in this analysis. The I448A mutation diminished Dvl binding in vitro but, in the context of both the full-length Fz5 and XFz7 receptors, displayed robust Dvl recruitment and signaling in vivo (Figs. 2 A and E and 3 C and E, and Fig. S3A ). We speculate that the reduction of Dvl binding by I448A may be compensated for by interactions through other regions or residues in full-length Fz5.
Identification of Critical Regions in the DEP-C Fragment for Fz Binding and Wnt/β-Catenin Signaling. Which residues at the surface of the DEP domain participate in Fz binding? Based on interactions of the DEP domain with lipid and protein partners at the PM (30-32), we reasoned that unoccupied surface-exposed DEP domain residues may mediate binding to Fz. A number of DEP domain variants, including the K438M mutation and the combined D449I and D452I mutations, were previously proposed to impair Fz-dependent PM recruitment (23, 29, 32) (Fig. 5E) . Binding of Dvl1 K438M to WT Fz5 was strongly decreased, and the interaction was entirely lost in combination with Fz5 motif I/II mutants (Fig. 5F) . Concurrently, the K438M Dvl1 mutant displays significantly decreased signaling activity (Fig. 5G) . Mutation of D449/D452 (DIDI) fully abrogates both Fz5-mediated PM recruitment and signaling, preventing further analysis of the contribution of Fz motifs I and II (Fig. 5 F and G) . Isolated Dvl1 DEP-C fragments with either of these mutations fail to inhibit Wnt3a-induced signal relay, confirming their inability to interact and interfere with the activity of endogenous Wnt signaling components (Fig. 5B) . We conclude that Fz-DEP-C binding requires the cooperative use of Dvl DEP K438 and Fz motifs I and II at the binding interface to mediate PM recruitment of Dvl and Wnt/β-catenin signaling in cells.
To determine which regions in the Dvl1 C terminus are important for Fz association and Dvl signaling, we generated a number of progressive C-terminal truncations in both fulllength Dvl1 and the Dvl1 DEP-C fragment (Fig. 5H) . Loss of the extreme 13 amino acids (Dvl1ΔC13), which locate to a highly conserved region in all three Dvl isoforms, reduced the signaling capability of Dvl1 to the level of Dvl1ΔC. This indicates that the conserved C-terminal region contains important residues for Dvl signaling (Fig. 5I) . Indeed, truncation of the terminal 13 amino acids from the DEP-C fragment resulted in reduced binding to Fz5 (Fig. 5J) . Further truncation of the C-terminal region diminished the interaction with Fz5 even more, pointing to a second Fz binding region in the Dvl1 C terminus (Fig. 5J) .
Discussion
Fz and Dvl act together in the control of Wnt-induced β-catenindependent and -independent pathways, but the underlying molecular mechanisms remain poorly understood (5, 40) . A thorough understanding of the mechanism of Fz-Dvl complex formation is crucial to clarify how downstream signaling events are controlled. Moreover, Fz-Dvl interactions provide an attractive target for the design and development of drugs that interfere with Wnt signaling activation (24, (41) (42) (43) . Although the Dvl PDZ domain was shown to bind an Fz C-terminal tailderived peptide in vitro (9, 23) , evidence for in vivo binding of the Dvl PDZ domain to Fz remains scarce. In addition, the affinity of this interaction is insufficient to explain the formation of a stable Fz-Dvl complex in cells, leading to the suggestion that additional intermolecular interactions are required (30, 32) .
Here, we use a combinatorial peptide library that mimics the cytoplasmic surface of the Fz5 iLoop3 and C terminus to elucidate molecular recognition modes between Fz5 and Dvl1. We uncover a conserved binding mode in which Dvl interacts with a discontinuous binding site in Fz. Our results argue for cooperative binding of Dvl to the Fz C-terminal motif III and iLoop3 motifs I and II based on the following observations. First, the strongest in vitro Dvl binding was observed for Fz peptides that combined either motif I or II with motif III. Second, mutations of single residues in either motif strongly impair Fzmediated β-catenin-dependent signaling in cells and developing Xenopus, and abrogate the interaction with Dvl. These findings suggest that each of the motifs is required but not sufficient to mediate Fz-Dvl binding in cells. Furthermore, motif II appears more critical for Wnt/β-catenin signaling and complex formation with Dvl than motif I. These findings provide a mechanistic explanation for a couple of long-standing signaling-defective fz alleles in Drosophila (18, 44) . Mutations in these fz alleles affect critical residues in the newly identified motif I or motif II, strongly suggesting that defective Dvl binding underlies its functional impairment in both Wnt/β-catenin and PCP pathways. Taken together, the Fz iLoop3 and C-terminal tail comprise a discontinuous Dvl binding site, which appears as a single binding surface when drawn on a 3D model of Fz as a GPCR-like protein (Fig. 6) . The enhanced structural complexity of the three-segmented Fz motif compared with a single linear Dvl binding sequence entails possibilities for precise regulation of the interaction by allosterically induced conformational changes and/or posttranslational modification, as described for classic GPCRs (45) .
Which domains of Dvl participate in binding the discontinuous Fz interface? We confirm binding of the Dvl1 PDZ domain to Fz5 C-terminal tail peptides that contain the classic KTxxxW Dvl binding motif (Fig. 4B and Fig. S1A ), but we did not detect any interaction of PDZ with Fz5 iLoop3. Instead, we uncover that the Dvl1 DEP-C domain consistently binds all three motifs within the Fz5 discontinuous surface. Thus, the DEP-C domain fully copies the binding mode of the larger ΔDIX-Dvl1 protein, which also comprises the PDZ domain. In support of in vivo relevance of these findings, we demonstrate recruitment of the isolated DEP-C fragment, but not the PDZ domain, to Fz5 at the PM in cultured cells (Fig. 5C and Fig. S2 ). Of note, the yeast Sst2 DEP domain was previously shown to bind the GPCR family member Ste2, which is distantly related to Fz receptors, suggesting involvement of a highly conserved binding mode (46) .
Next, we asked how the Dvl DEP-C domain docks onto the Fz receptor. Based on our combined in vitro peptide binding analysis and Fz interaction studies in cells, we propose a model in which the DEP domain mainly interacts with the Fz C-terminal tail (motif III), whereas the Dvl C terminus binds Fz iLoop3 (motifs I and II) (Fig. 6) . Interestingly, the DEP-C fragment displayed an additional binding mode in which only the Fz C terminus (motif III) is occupied. Because this binding mode resembles the interaction of the isolated DEP domain with Fz, we consider it likely that the DEP-C domain does not use its Further probing of the Dvl interaction surface revealed that a number of surface-exposed residues (K438 and D449/D452) on the DEP domain as well as the last 13 residues of the C terminus are critical for functional interaction with Fz. Of note, based on secondary structure prediction, the entire Dvl C region is predicted to be intrinsically disordered, except for the last highly conserved 15-20 amino acids, which may fold and act as a functional terminal unit at the highly flexible Dvl C terminus.
How does the DEP domain accommodate different molecular interactions implicated in membrane recruitment? Recently, a positively charged stretch in the DEP domain was shown to interact directly with negatively charged lipids at the PM, suggesting a prominent role of lipid binding by the DEP domain in Fz-mediated signaling (30) . Because membrane recruitment of DEP and DEP-C fragments codepends on the presence of Fz receptors (Fig. S2) , we propose that the Dvl DEP-C domain may simultaneously bind lipids as well as the three motifs in the Fz receptor to stabilize the interaction (Fig. 6) . Moreover, Fz intracellular loops 1 and 2 may contribute to Dvl binding as well. Taken together, we suspect that the affinity of DEP-C for Fz binding in vivo may be significantly increased through avidity effects of the local concentration of Dvl binding sites.
We conclude that the critical role of the Dvl1 DEP-C region in Wnt/β-catenin signaling is mediated through its direct interaction with a discontinuous binding surface on the Fz5 receptor. Our work suggests that Dvl employs multiple contact points with Fz and that each interaction is required for efficient downstream signaling to β-catenin. Whether binding events that involve the PDZ or DEP-C domain act cooperatively or sequentially awaits further investigation. We speculate that the DEP-C domain may be dominant over PDZ binding based on its expected higher affinity for Fz in vivo. Alternatively, simultaneous binding of both PDZ and DEP-C may allow a single Dvl molecule to form a complex with two Fzs.
We propose that the individual interactions may be subject to regulation by conformational changes and posttranslational modifications. Because Fz-Dvl signaling is implicated in at least two important Wnt pathways, detailed studies aimed at understanding how this interaction is induced and regulated by Wnt stimulation will help to explain how the Fz-Dvl functional unit manages to interpret upstream signals to disparate downstream pathways.
Methods
Cell Culture and Transfection. HEK293T cells and mouse L cells were cultured in RPMI or DMEM (Invitrogen), respectively, supplemented with 10% (vol/ vol) FBS (Sigma), 100 units/mL penicillin, and 100 μg/mL streptomycin. L cells stably expressing Wnt3a have been described previously (39) . Transfections were performed with FuGENE 6 (Roche) according to the manufacturer's protocol.
Constructs and Antibodies. V5-Fz5, Flag-Dvl1 variants, TOPFlash, and control FOPFlash luciferase reporter plasmids have been described previously (39) . XWnt8 DNA and XFz7-myc were kind gifts of Randy Moon (University of Washington, Howard Hughes Medical Institute, Seattle, WA) and Herbert Steinbeisser (Heidelberg University Hospital, Institute of Human Genetics, Heidelberg, Germany), respectively. Alanine substitutions were generated by site-directed mutagenesis. Flag-or His-Dvl1 constructs were PCR-subcloned into pcDNA3 or a modified pET-24a(+) vector (Novagen), as described previously (48) . For immunoblotting and immunofluorescence, mouse antiFlag (M2; Sigma), mouse anti-actin (C4; MP Biomedicals), mouse anti-V5 (Invitrogen), or rabbit anti-V5 (Sigma) was used.
TOPFlash Reporter Assays. HEK293T cells were seeded in 24-well plates and transfected with 30 ng of reporter construct TOPFlash or FOPFlash, 5 ng of thymidine kinase (TK)-Renilla, 50 ng of Dvl constructs, 35 ng of Fz constructs, and mock plasmid to a total of 250 ng per well. The assay was performed as described previously (39) .
Confocal Microscopy. HEK293T cells were grown on glass coverslips in 24-well plates (coated with laminin). Cells were transfected and fixed after 24 h in 4% (mass/vol) paraformaldehyde or ice-cold methanol, treated with blocking buffer [2% (mass/vol) BSA, 0.01% saponin in PBS], and incubated with primary antibodies, followed by secondary antibodies conjugated to Alexa-488, Alexa-568, or Cy5. Cells were mounted in ProLong Gold (Invitrogen) and visualized using a Zeiss LSM510 confocal microscope.
Protein Purification. His-tagged Dvl fragments were expressed in Rosetta2 cells, induced at an OD 600 of 0.6 with 0.5 mM isopropyl-β-D-thiogalactopyranoside for 6 h at 20°C. Bacterial cell pellets were resuspended in buffer containing 50 mM Tris (pH 7.5, 8.0, or 9.0), 300 mM NaCl, 5% (vol/vol) glycerol, 5 mM imidazole, 25 μM PMSF, 1 μg/mL DNase, 1 μg/mL RNase, 2 μg/ mL lysozyme, and a 0.1-mL −1 tablet of EDTA-free protease inhibitor mixture (Roche); homogenized by French Press; and purified by ÄKTA purification, using a HisTrap Ni-NTA column (GE Healthcare). Proteins were eluted with an imidazole gradient, buffer-exchanged in 20 mM Tris and 150 mM NaCl using HiTrap and PD-10 desalting columns (GE Healthcare), and concentrated with vivaspin 6 columns (Sartorius-stedim).
Peptide Library Generation and Screening. The linear and CLIPS peptides were synthesized using standard Fmoc chemistry and deprotected using trifluoric acid with scavengers. Constrained peptides were synthesized on chemical scaffolds using CLIPS technology through cysteine residues (37) . The Cys side chains were coupled to CLIPS templates by reacting onto credit-card format polypropylene PEPSCAN cards (Pepscan Therapeutics BV; 455 peptide formats per card) with a 0.5-mM solution of CLIPS template 1,3,5-Tris (bromomethyl) benzene in ammonium bicarbonate [20 mM (pH 7.9)]/acetonitrile (1:1 vol/vol)]. The cards were gently shaken for 30-60 min. Finally, the cards were washed extensively and sonicated in disrupt buffer containing 1% SDS/ 0.1% β-mercaptoethanol in PBS (pH 7.2) at 70°C for 30 min, followed by sonication in H 2 O for another 45 min. Protein binding was analyzed in a PEPSCAN-based ELISA (Pepscan Therapeutics BV). The 455-well cards containing the covalently linked peptides were incubated with 1 μg/mL protein in blocking solution [4% (vol/vol) horse serum, 5% (mass/vol) ovalbumin, 1% Tween in PBS]. After washing, the peptides were incubated with a monoclonal mouse anti-His tag antibody (1:1,000; Novagen) and, subsequently, after washing, with a peroxidaseconjugated rabbit-anti-mouse antibody (1:1,000; Southern Biotech). After washing, the peroxidase substrate 2,2′-azino-di-3-ethylbenzthiazoline sulfonate and 2 μL of 3% H 2 O 2 were added. Color development was measured and quantified with a CCD and an image processing system (49) . After background correction, these raw data were ranked and the top 5% (48 peptides) were analyzed.
Fluorescence Polarization (FP). CKLMIRIGIFGTLESWRRFTG peptide was synthesized using standard Fmoc chemistry and deprotected using trifluoric acid with scavengers. The Cys side chain was labeled with fluorescein-maleimide. Peptide and purified recombinant proteins were diluted in FP buffer [50 mM Tris (pH 7.5), 50 mM NaCl, 5 mM β-mercaptoethanol] to 100 nM and 100 μM, respectively. A protein dilution series to subnanomolar range was incubated with the peptide for 15-30 min. Fluorescence polarization of the labeled peptide was analyzed in a Spectramax M5 plate reader (Molecular Devices). Data from the different incubation times were averaged and plotted. Using Sigmaplot (Systat), a binding saturation curve [Y = B max × X/(K d + X)] was fitted, with Y as the measured FP value (Fk − F∞)/(Fk + F∞), B max as the maximum value, and X as the Dvl fragment concentration. From this formula, the equilibrium constant, K d , was derived as the protein concentration at one-half saturation.
Xenopus Embryo Axis Duplication and Dvl Recruitment Assays. Mature eggs were obtained by injecting females with 500 units of human chorion gonadotropin (Sigma). One hour after in vitro fertilization, the jelly coat was removed by treating the embryos with 2% (mass/vol) cysteine hydrochloride in 0.1× modified Barth's solution (MBSH) at pH 8.2 [1× MBSH: 10 mM Hepes,
